The ground state electronic properties of bulk (W) were studied within the density functional theory (DFT). We have also analyzed the momentum-(q-) dependent loss function, dielectric constant, and optical conductivity (OC) within TD-DFT random-phase approximation (RPA). The loss function is plotted in the energy range 0-55 eV. The energy loss function spectrum shows four prominent peaks, two lower peaks below along with two sharp peaks above 30 eV. The different nature of peaks depends on the momentum transfer q. The peak caused by interband transition showed a less pronounced dispersion. From the dielectric function curve we have predicted the plasmon excitation at around 1.75 eV and calculated the corresponding plasma frequency ( ) = 26.585 × 10 14 s −1 .
Introduction
Tungsten (derived from the Swedish phrase "tung sten," meaning heavy stone) is a hard, brittle, steel-grey metal that is difficult to work with in the very pure state, unless it is malleable and ductile [1] . Tungsten is an interesting element whose unique physical properties make it an essential component in many industrial applications. Critical properties include very high melting point, very high density, hardness close to diamond, thermally stable, and excellent conductor [2] . The electronic structure and Fermi surface of tungsten have been studied extensively, experimentally and theoretically [3] [4] [5] [6] [7] . Some of the metallic crystals exhibit optical properties due to the interplay between electronic plasma screening and geometrical scattering effects [8] . Under suitable circumstances, this might be used to enhance thermal emission of photons in the visible region relative to lower frequencies and serve as a lighting technology [9] . Optical measurements provide several important microcharacteristics of the conduction electrons, their plasma frequency, and the relaxation frequency, as well as the energy gaps between the bands in the region of allowed electronic transitions. The optical properties of bulk polycrystalline tungsten have been investigated by Roberts [10] in the 0.5-0.8 region and also by Lenham and Treherne [11] in the 0.35-20 region. Juenker et al. measured the reflectivity of tungsten from 0.577 to 0.05 [12] . Sudarshan et al. studied the angular distribution of backward reemitted positrons from a W(100) single crystal which showed that the mean energy of the emitted positrons increased with angular deviation from normal, with incident positron energies of 250 and 600 eV. The increase in the energy is explained in terms of energy-dependent refraction of positrons traversing the potential step at the surface [13] . Direct measurements of the electrical resistivity and the caloric equation of state for fluid tungsten have revealed that up to the pressure 7 GPa the metal-nonmetal transition is the first-order phase transition, in which fluid tungsten coincides with the liquid-vapor transition [14] . The physical properties of solids, such as DOS, specific heats, the Debye temperature, neutron-diffraction spectra, heat conduction, and the electron-phonon interaction, are related to their lattice-dynamical behavior. Thus the dynamical behavior can be calculated by phonon dispersion in symmetry directions [15, 16] .
Tungsten tips have become promising nanoprobes for scanning tunneling microscopy (STM) [17] , nanoindentation and nanomanipulation in scanning electron microscopes 2 Advances in Optics (SEM) [18] , and contact experiments inside a transmission electron microscope (TEM) [19] . In recent years the improvement of spatial resolution of atomic and subatomic particles as well as the nanoscale quantum wire, quantum dots, and quantum well is in tremendous progress with improving the capabilities of transmission electron microscope (TEM) [20, 21] . Electron energy loss spectrometry (EELS) in the TEM is a technique to study the loss function and the dielectric tensor [22] . Since the information about optical and electronic properties is related to , thus the loss function is a key quantity. Other methods like inelastic X-ray scattering and multiple-scattering calculations of electron energy loss nearedge can also give information about the loss function [23] . Alkauskas et al. studied the -dependent loss function of bulk Ag using a computational code "exciting" based on time dependent density functional theory (TD-DFT) which is well accurate in predicting the -dependence of interband transitions [24] .
Computational Details
The ground state density of states (DOS) and band structure of bulk cubic tungsten were calculated within generalized gradient approximation (GGA) [31] based on DFT [32] which employed wien2k code [33] . Wave function was expanded up to cut-off parameter MT × max = 10, where max is the maximum value of the reciprocal lattice vector in the plane wave expansion and MT is the smallest atomic sphere radius of all atomic spheres. The calculations of optical and thermal properties were performed within the time dependent density functional theory (TD-DFT) based on a computational code called exciting-lithium [34] . The loss function is given by lm(−1/ ) = lm . Here, is the density-density response function, is the Coulomb interaction, and is the dielectric function. Within TD-DFT, the interacting response function has been obtained in the form of Dyson equation, = + ( + ) [35] , where is the Kohn-Sham independentparticle polarizability and is the exchange-correlation kernel, the functional derivative of exchange-correlation potential with respect to electron density. By setting to zero, exchange and correlation effects in the electron response are neglected and one obtains the random phase approximation (RPA). The calculation of -dependent loss function was performed in two steps. In first step -dependent loss function was calculated with local field effect (LFE) with single point and in the second step LFE has been neglected and loss function was obtained at different set of points. An off-symmetry -point mesh has been taken to be 20 × 20 × 20.
Crystal Structure
The X-ray diffraction (XRD) studies show that bulk tungsten crystallizes in cubic (bcc) structure having space group Im3m as shown in Figure 1 . The molar volume and lattice constant are 9.546 cm 3 /mole and 3.1738Å, respectively [36] .
Results and Discussion
The ground state ( = 0K) volume and bulk modulus were calculated from volume optimization method based on Murnaghan's equation of states [37] . The FP-LAPW results reported here are found to be in agreement with the scalarrelativistic pseudopotential calculations of Bylander and Kleinman [4] , the nonrelativistic pseudopotential calculation of Zunger and Cohen [27] , and a calculation using an independently developed LAPW program by Jansen and Freeman [5] . The calculated volume and bulk modulus are compared with the experimental results, tabulated in Table 1 . The density of states (DOS) and band structure computed within the FPLAPW-DFT are shown in Figure 2 . The energy band shows the dominant features of 5 ( -, -2 ) states. The symmetry points Γ-N along Δ direction represents the 6 and 6 -type states, respectively. The contribution of -2 states is maximum at the valence band just below the Fermi energy ( ), whereas the conduction band is due to -and -2 states. The 5 energy band at second Γ point shows the splitting of two levels at around −1.50 eV. The energy bands along H and P directions in the valence region is dueand -2 , respectively. The three energy lines red, black, and cyan cross the Fermi level along the Γ-H symmetry point. This result is consistent with semirelativistic calculation of Ahuja et al. [3] . In Figure 2 Figure 2 shows the total and partial contributions of 6 , 6 , and 5 states. These curves along with the energy bandwidths confirm that valence band is a mixture of fully occupied , , and states. The band which crosses the Fermi level has small contribution compared to states and dominant contributions due to the states are prominent above the .
Optical
Properties. The interband dielectric function ( ) and optical conductivity ( ), together with the experimental trace [38, 39] , are shown in Figures 3 and 4 . The experimental spectra show Drude behavior in the low energy region which is not found in theoretical results. The experimental static at 0 eV was 1250 × 10 14 esu [39] . A sharp rise in the imaginary part of dielectric constant ( 2 ) and the two close peaks at 0.3 eV and 0.50 eV has been observed which is consistent with the experimental maxima at 0.42 eV. These experimental results. With increasing photon energy the 1 decreases and crosses zero value at 0.52 eV (negative slope) and 1.75 eV (positive slope) shows a small deviation from the experimental results where the slopes are at 1.3 eV and 5.2 eV as shown in Figure 4 (a). The zero crossing of 1 with positive slope at 1.75 eV corresponds to volume plasmon ℎ , where is the plasma frequency. The calculated plasma frequency is 26.585 × 10 14 s −1 underestimated by the experimental value 76 × 10 14 s −1 [39] and 91 × 10 14 s −1 from the tungsten gas [42] . The experimental optical conductivity is in close agreement with 2 (Figures 3(a) , 4(a), and 4(b)). The high value of indicates Drude behavior (below 1.0 eV) and decreases rapidly by virtue of participation in the conductivity of relaxing electrons [43] , while in the energy region above 1.0 eV the phenomena of electron transfer give a negligibly small contribution to . The similar curve can be seen in the infrared region illustrated in Figure 3 (b). The experimental refractive index and extinction coefficient are shown in Figure 6 (a). The increase in extinction coefficient as a function of wave length is similar to decrease in 2 and with increasing energy. Figure 5 (a) represents the result of electron loss functions with and without LFE-RPA in the energy range 0-55 eV. The effect of LFE is found to be small; therefore, it can be neglected. The fact that this effect turned out to be negligible can be explained with four peaks which are in well ). The maximum electron loss at 33 eV underestimates the experimentally obtained maxima at 25.3 eV; this peak accounts interband activity near this range [38] . Similarly the result of other transition metals, obtained from simple free electron theory deviates largely as compared to experimental one [44] . As shown in Figure 5 the formation of volume plasmon corresponds to the first peak at ∼13 eV which represents the collective excitation modes of all the valence electrons. This is also in close relation with the positive slope of vanishing 1 at 1.75 eV.
In experiment the stiffer slope of 1 indicates that the corresponding surface plasmon lies close to the volume plasmon, as shown in Figure 4 (a) [38] . Figure 5(b) shows the loss function of bulk W without LFE for various momentum transfers ( = 0.02-0.10Å −1 ), transfer vectors along [001] direction with broadening of 0.4 eV. The first two peaks appear at 20 eV and 28 eV almost flat and not well pronounced as shown in Figure 5 (b). The width of the peak increases and the height decreases with which describes the quadratic dispersion as in the case of bulk Ag [24] . These results ascertain the plasmon is on the verge of damping. The peaks at around ∼33 eV are broad and more prominent; the intensity of all the peaks decreases as a function of . At large the peaks almost become flat and the loss function approaches an almost continuum. The peaks at the lower energy below 30 eV disappear much faster while the peaks at 35 eV and 50 eV are appreciable even for highest value.
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Thermal Properties.
In order to obtain the thermodynamic information about a system it is appropriate to begin with a complete description of the free energy of the system and its variation with temperature. This is best summarized by the free energy in temperature space as shown in Figure 7 (b). This collection of data is useful as all the thermodynamic quantities are derived from the energy via the laws of thermodynamics [45] . This temperature relationship with other quantities provides a parameterization [46] which will be used according to classical thermodynamics to calculate the temperature dependence of several properties according to established equations such as the following:
where is the entropy, is Helmholtz free energy, is enthalpy, is temperature, and is the heat capacity of a system. Figure 7 demonstrates the temperature dependence of heat capacity, free energy, entropy, and internal energy up to 1500 K. The calculated and experimental specific heat results agree well up to approximately 1500 K (Figure 7(a) ).
In experimental result at around 2500 K there is a sharp rise of (exponential growth above 2500 K) (see [36] ); this is not shown in our calculations. Ackland et al. have neglected both electronic and anharmonic corrections, thus giving them a less thorough yet conveniently more accurate volume expansion relationship [47] . There is no result of thermal expansion to compare with the experimentally determined thermodynamic and thermomechanical properties. The idea behind vibrational entropy is that a phase space is explored by atoms in a solid as they vibrate. The larger the phase space, the larger the vibrational entropy. As illustrated in Figure 7 (c) at low energy there is a sudden rise in entropy. This is due to the fact that the atoms which are lined up give configurational entropy; another similar line would be disordered differently. For the stationary layers in the top, there is no absorption of heat when the temperature is increased, represented by a valley (Figure 7(c) ). On the other hand, the second lines will wiggle even more if the temperature is risen, so they will absorb heat. Thus the vibrational entropy will increase with temperature. In the following we use the conversion factor 1 Ha ≈ 2.194 746 × 10 5 cm −1 .
The phonon dispersion and phonon-DOS for symmetric and unstrained DOS are demonstrated in Figure 8 . The points are given in reciprocal lattice coordinates for phonon calculation as given in exciting code [34] . By plotting the DOS on the same axes we are able to see the identical symmetric strains and the frequencies at which the peaks occur. The phonon dispersion within our investigation does not have flat transverse acoustic (TA) modes like in semiconductors [48] . The distinct features of optical branches are missing; acoustic band predominates. We have observed well-separated acoustic and optical branches only 6 Advances in Optics along X symmetry. The existence of overbending results in a sharp peak in the phonon-DOS above D point similar to the case of second-order Raman spectrum [49] . Our results of phonon dispersion curve are consistent with the previous results calculated within embedded atom method (EAM) at 0 GPa [40] and the experimental result calculated with thermal neutron inelastic scattering [41] . The pressure dependence of the phonon frequencies is due to the volume compression that comes from force constants, sensitive to external pressures. In all the calculated phonon-DOS, the two phonon peaks due to points in the reciprocal lattice coordinates are narrower as compared to previous result. Figure 9 illustrated the previous result of phonon-DOS; the broad peaks become narrower as lattice strain decreases from 4% to 0%. A similar analysis was done by Ackland et al. [47] , from which they infer that the impact of the phonon contributes to the free energy, since the calculation of free energy is related to an integration of the phonon-DOS. This is a very useful investigation because it allows neglecting computationally expensive lattice dynamics calculations. By simply calculating the ground state energy versus volume curve of a single primitive cell, the related elastic constants can be extracted.
Conclusion
In our present work we have studied the electronic structure of bulk tungsten by calculating DOS and band structure within DFT-GGA. The RPA TD-DFT often gives good results for loss spectra; however, it fails to give the description of absorption spectra of many bulk materials [50] . This is due to the screening potential associated with the bulk materials; Figure 8 : (a) -dependent phonon dispersion and phonon-DOS at 0% strain; (b) phonon dispersion (solid line [40] , expt. dotted line [41] ). similar with the loss function without LFE. The calculated loss function with a single point is in considerable agreement with the previous experimental result [38] . We have also performed the calculation of -dependent loss function in the energy range 0-55 eV; changes from 0.02 to 0.10Å −1 with broadening 0.40 eV. The electron energy loss peaks are -dependent as the height of these peaks decreases with increasing which is attributed to damping of plasmon. We have shown the phonon dispersion relation of bulk W with 0% strain. The optical and acoustic branches are not well separated and distinct. The thermal properties showed metallic thermal behavior which agrees well with the previous results.
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